Compressional ͑V P ͒ and shear wave ͑V S ͒ velocities of the amorphous phase of ZrW 2 O 8 have been measured up to 10.4 GPa at room temperature using ultrasonic interferometry in conjunction with synchrotron x radiation. The pressure-density relation is determined using the measured velocities. Both V P and V S , as well as the adiabatic bulk and shear moduli, exhibit monotonic increase with increasing pressure. The pressure derivatives of the bulk and shear moduli are determined to be K S0 Ј = 7.3͑1͒ and G 0 Ј= 1.8͑1͒, with bulk and shear moduli K S0 = 61.7͑5͒ GPa and G 0 = 35.0͑2͒ GPa. Comparing with the ␣ phase, V P , V S , K S0 , E, ⌰ ac , and of the amorphous phase decrease by 14.8%, 10.0%, 17.2%, 2.9%, 1.2%, and 15.5%, along with 28% and 3.2% increase in density and shear modulus, respectively. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3023049͔ Zirconium tungstate ZrW 2 O 8 is a unique ceramic material with isotropic and rather high negative thermal expansion ͑NTE͒ from 0.3 to 1050 K.
Zirconium tungstate ZrW 2 O 8 is a unique ceramic material with isotropic and rather high negative thermal expansion ͑NTE͒ from 0.3 to 1050 K. 1, 2 It is of potential value in optics, electronics, and other areas, either as a pure phase or as a constituent of composite materials with tailored thermal expansion. At ambient conditions, zirconium tungstate ͑␣-ZrW 2 O 8 ͒ crystallizes in the cubic structure ͑space group P2 1 3͒. At about 0.2 GPa and room temperature, the ␣ phase transforms into a quenchable orthorhombic structure called the ␥ phase ͑space group P2 1 2 1 2 1 ͒, which also exhibits NTE, but with smaller magnitude. 3, 4 Upon further compression, the ␥ phase becomes amorphous over the pressure range of 1.5-3.5 GPa, and after decompression the amorphous phase is irreversible. 5 The pressure-induced amorphization has been studied extensively using Raman spectroscopy, 6, 7 x-ray diffraction, 5, 8 and absorption. 9 High pressure may be used to synthesize composites containing NTE materials; thus it is important to be aware of the high-pressure properties of these compounds. Elastic bulk ͑K S ͒ and shear ͑G͒ moduli and their derivatives as a function of pressure ͑P͒ are important parameters in understanding the structural behavior and physical properties of materials under compression. The elastic properties of amorphous ZrW 2 O 8 have not yet been measured. Recently, the state-of-the-art techniques developed in our laboratory have enabled simultaneous measurements of elastic compressional ͑P͒ and shear ͑S͒ wave velocities, and hence the elastic properties of materials at high pressure and high temperature using combined ultrasonic interferometry, x-ray diffraction, and x radiography in large-volume high-pressure apparatus. 10 In this paper, we present the results of the compressional and shear wave velocities ͑V P and V S ͒ for the amorphous ZrW 2 O 8 as a function of pressure up to 10.4 GPa using these state-of-the-art experimental techniques. We also obtain the pressure-density relation and other elastic constants, e.g., Young's modulus and Poisson's ratio. The results are compared in detail with those of ␣-ZrW 2 O 8 .
The sample of zirconium tungstate ͑␣-ZrW 2 O 8 ͒ used in our study was provided by Wah Chang Co. ͑Albany, OR͒. Amorphous zirconium tungstate was prepared by pressing ␣-ZrW 2 O 8 powder to ϳ7.0 GPa at room temperature for 2 h in a 1000 ton uniaxial split-cylinder apparatus ͑USCA-1000͒ ͑Ref. 11͒ at the Mineral Physics Institute, Stony Brook University, NY. The sample recovered at ambient conditions was examined and confirmed to be amorphous phase by synchrotron x-ray diffraction. Using the Archimedes' method, a bulk density of 6.477 g cm −3 was obtained. The length of the sample after final polishing was 0.974 ͑1͒ mm and the diameter was ϳ2.0 mm.
Compressional ͑P͒ and shear ͑S͒ wave velocities at high pressure were measured using ultrasonic interferometry techniques in conjunction with in situ x-ray diffraction and radiography in a DIA-type, multianvil high-pressure apparatus ͑SAM85͒ installed on the superconducting wiggler beamline ͑X17B2͒ of the National Synchrotron Light Source at the Brookhaven National Laboratory. Details of this experimental setup and the ultrasonic interferometry have been described elsewhere. 10 The cubic pressure medium was made of precompressed boron epoxy ͑4:1 wt % ratio͒, with an edge length of 6.3 mm. The sample was embedded in a NaCl and BN powder mixture ͑10: 1 wt %͒, which provided a pseudohydrostatic environment for the sample. A dual-mode LiNbO 3 transducer ͑10°Y cut͒ was mounted outside the pressure chamber for generating and receiving the P and S wave signals ͑55 MHz resonant frequency for P wave and 35 MHz for S wave͒. To minimize loss of acoustic energy, all surfaces along the acoustic path, including the ends of the WC cube with transducer mounted, alumina buffer rod, and the sample, were polished using 1 m diamond paste. Travel times for P and S waves were simultaneously measured using the transfer function method 12 with standard deviations of ϳ0.4 ns for S waves and ϳ0.2 ns for P waves, respectively. The sample length at high pressure was directly obtained by x-radiography technique. The precision of this direct measurement of sample length was reported to be 0.2%-0.4%. 10 The incident x-ray beam was collimated to 0.2 mm by 0.1 mm. X-ray diffraction patterns of NaCl were recorded in the energy dispersive mode using a solid state Ge detector at fixed 2 angles. Pressures were thus calculated from the equation of state for NaCl ͑Ref. 13͒ using the lattice parameter determined from x-ray diffraction pattern at each experimental condition. The uncertainty in pressure measurements is mainly attributed to statistical variation in the position of diffraction lines and is less than 0.2 GPa, the pressure range of this study.
Measured elastic wave travel times, sample lengths, and calculated wave velocities for the amorphous zirconium tungstate are presented as a function of pressure up to 10.4 GPa at room temperature in Table I . Both V P and V S increase linearly with increasing pressure at room temperature ͑Fig. 1͒ and can be expressed as the following:
In Eqs. ͑1͒ and ͑2͒, V P and V S are in km/s and the pressure is in GPa. The P and S wave velocities at ambient pressure are determined to be 4.14 and 2.33 km/s, respectively. The isothermal bulk modulus K T is
Integrating both sides of Eq. ͑3͒, we obtain
where P and 0 are the density of ZrW 2 O 8 at pressure P and ambient pressure P 0 , respectively; ␣ is the thermal expansion coefficient, and ␥ is the Grüneisen parameter. ͑1+␣␥T͒ = C P / C V Ϸ 1 is the ratio of specific heats at constant pressure and volume. The densities are thus calculated by solving Eq. ͑6͒, which are listed in Table I . The measured density of amorphous ZrW 2 O 8 increases smoothly by 11.7% between ambient pressure and 10.4 GPa ͑Fig. 2͒. Figure 3 displays the variations in the elastic moduli with pressure. Using a linear fit, the pressure derivatives of the bulk and shear moduli are determined to be K S0 Ј = 7.3͑1͒ and G 0 Ј= 1.8͑1͒, with the ambient pressure values of bulk and shear moduli K S0 = 61.7͑5͒ GPa and G 0 = 35.0͑2͒ GPa. As seen in Fig. 3 , the calculated moduli match the observed ones remarkably well at the entire pressure range.
The acoustic Debye temperature ⌰ ac is given by 
where M is the molecular mass; p is the number of atoms in the molecular formula; k, h, and N are Boltzmann's constant, Plank's constant, and Avogadro's number; and V P and V S are the compressional and shear velocities of the ultrasound wave, respectively. ⌰ ac0 is determined to be 317 K.
Poisson's ratio is obtained directly from the measured velocities by Table II shows the results of the compressional and shear wave velocities and the elastic constants of ␣-ZrW 2 O 8 . Comparing with the ␣ phase from a resonant-ultrasonic spectroscopy study, 14 V P , V S , K S0 , E, ⌰ ac , and of the amorphous phase increase by 14.8%, 10.0%, 17.2%, 2.9%, 1.2%, and 15.5%, in spite of 28% larger density for the amorphous phase. However, when compared to previous ultrasonic measurement ͑K S0 = 48 GPa͒ for the ␣ phase, 15 the bulk modulus of amorphous phase is decreased by 28.5%.
Some compounds that undergo irreversible amorphization have exhibited polymorphism ͑e.g., quartz 16 and ice 17 ͒. From the current data, neither discontinuities nor elasticity softening has been found in the bulk and/or shear moduli up to the peak pressure of 10.4 GPa ͑Fig. 2͒, indicating no identified polymorphisms in the amorphous ZrW 2 O 8 sample in our study. However, the effects of local structure variation on the current measurements, such as continuous evolution of local structures in the amorphized sample at high pressures and the possible structure relaxation upon release of pressure, 9 still remain to be further investigated.
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